The far infrared spectrum of N-acetyl-D-glucosamine has been studied by combining THz-TDS and FTIR characterization techniques with theoretical studies based on semiempirical quantum chemistry methods. A strong spectral peak at 60 cm −1 has been identified, which constitutes the main signature of the material in the terahertz band. Calculated molecular vibrations are in good qualitative and semiquantitative agreement with both the THz-TDS and FTIR experiments. In comparison to previous DFT-based studies, the semiempirical approach chosen herein, suitable for parallel multi-core and GPU acceleration, allows for a full study using periodic boundary conditions and no further approximations within a constrained computing time.
Introduction
N-Acetyl-D-glucosamine (or D-GlcNAc or NAG) is a derivatized glucose monomer found in polymers of bacterial cell walls, chitin, hyaluronic acids, and various glycans. As the monomeric unit of chitin polymer, it forms the outer coverings of insects and marine crustaceans and it is the major component of the cell walls of most fungi. Chitosan (deacetyl chitin) is a form of N-acetyl glucosamine that has been chemically altered.
N-Acetyl-D-glucosamine derivatives, chitin and chitosan, have become of great interest not only as underutilized resources, but also as new functional materials of high potential in various fields [1] [2] [3] : in biomedical applications (antimicrobial agents, drug and gene delivery, wound dressings, and tissue engineering), in waste water treatment (purification and toxic ion removal), in agriculture (seed coatings and controlled agrochemical release), in food industry (packaging and preservative materials), and in cosmetics, to name a few.
The structure of N-acetyl-D-glucosamine [4] is shown in Figure 1 . Crystals are monoclinic, with space group P2 1 and unit cell parameters = 11.25Å, = 4.82Å, = 9.72Å, and = 113.7 ∘ . Mercury software package [5] has been used for the representation.
The far infrared (FIR) spectra of polycrystalline monoand polysaccharides are dominated by lattice modes involving molecular hydrogen bonds or/and van der Waals forces. Therefore, FIR spectroscopy techniques in general and, particularly, terahertz time domain spectroscopy (THz-TDS) are notably useful in the structural characterization of carbohydrates [6] [7] [8] . Computational quantum chemistry is a highly valuable tool for the interpretation of FIR spectra due to the complexity of the associated vibration modes. Ab initio and density functional theory (DFT) methods are very accurate in the prediction of molecular vibrations [9] . Nevertheless, solidstate calculations over large supramolecular systems are typically required due to the relevance of long-range interactions, thus limiting the use of these computationally costly methods. On the other hand, semiempirical methods [10, 11] , especially with the recently developed parallel implementations for shared-memory multiprocessor and massively parallel graphics processing units architectures [12] , permit studying of the vibrations in large molecular crystals at reduced computation times. Semiempirical quantum chemistry methods have been previously used in the interpretation of the terahertz spectra of various carbon nitride [13] and carbon [14] materials.
A study of the IR spectrum of NAG was previously presented in [15] . The experimental characterization was performed using a FTIR spectrometer and the theoretical modeling using a DFT method. Due to the high computer cost of such calculations, a single molecule was studied and the intermolecular hydrogen bond interactions were simulated with intramolecular interactions. In this work, we focus on the far infrared spectrum of NAG. We combine THz-TDS and FTIR techniques for the characterization of the spectral regions between 10 cm −1 and 80 cm −1 and 80 cm −1 and 420 cm −1 , respectively. THz-TDS measurements have permitted identifying one strong spectral peak at 60 cm −1 , which is the main signature of the material in the terahertz band. Theoretical studies have been performed using semiempirical quantum chemistry methods. The use of parallel multicore and GPU acceleration allows for a full study using periodic boundary conditions and no further approximations within a constrained computing time.
Materials and Experimental and
Theoretical Methods 2.1. Materials. N-Acetyl-D-glucosamine (CAS number 7512-17-6, ≥99%) was purchased from Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany). The sample material was mixed with ultrahigh molecular weight surface-modified, 53-75 m particle size polyethylene (PE, CAS number 9002-88-4), also from Sigma-Aldrich, at 18 wt%. The mixture was pressed at 5 tm for 3 minutes to make a 13 mm diameter pellet.
Spectroscopic Characterization.
A Menlo (Martinsried, Germany) Tera K15 spectrometer was used for the THz-TDS analysis. The system is based on a 1560 nm fiber laser that generates 90 fs pulses at a repetition rate of 100 MHz. This provides a compact fiber-coupled setup. The system was operated in a nitrogen-rich atmosphere in order to avoid the signature of water absorption in the recorded samples. Ten samples and ten reference measurements were performed in each case in order to reduce the noise in the measurements. The material parameters in the spectral range of interest were calculated from the time domain photocurrent traces measured with the spectrometer. These time domain waveforms depend not only on the material data but also on the width of the pellets, due to the contributions from multiple reflections at the pellet-air interfaces. Signal processing techniques similar to those described by Duvillaret et al. [16] , with a flat-top window [17] , were employed in order to obtain the THz spectra of the materials.
The vibrational spectrum of the material in the 80-420 cm −1 spectral range was measured using a Thermo Scientific (Waltham, MA, USA) Nicolet iS50 FTIR Spectrometer. At shorter wavelengths the measurement was saturated because of the attenuation associated to the PE matrix.
Quantum Chemistry Computations.
The semiempirical quantum chemistry computations were performed with the PM6 method [18] using the parallel implementation for multithreaded shared-memory CPUs and massively parallel GPU acceleration [12] of the MOPAC2012 [19] software package. A Fedora Linux server with a 12-core Intel Xeon processor and a NVIDIA Tesla K20 GPU were used for the computations.
Results and Discussion

FIR Spectrum of N-Acetyl-D-Glucosamine.
The results of the THz-TDS measurements are shown in Figure 2 . The solid line corresponds to the spectrum of the NAG sample dispersed in PE powder in the spectral range from 20 to 80 cm −1 , characterized by a dominant peak at 60 cm −1 . Two very weak peaks can also be observed at 45 cm −1 and 72 cm −1 . The dashed line corresponds to a reference PE sample that displays a negligible attenuation in this band, even though an extremely faint absorption band near 80 cm −1 [20] can still be observed.
The FTIR measurement results in the spectral range from 80 cm −1 to 420 cm −1 are shown in Figure 3 . The solid line corresponds to the sample material dispersed in PE powder and the dashed line to a pure polyethylene reference pellet of similar thickness. The polyethylene attenuation displays the expected scattering response, associated with the finite particle size, and the PE band at 110 cm −1 [20] . A second faint PE absorption band was also found close to 230 cm −1 . Whereas the PE matrix shows a negligible effect in the measurements below 80 cm −1 , this is not the case at higher frequencies. Even though the absorption bands of the PE do not interfere at all with the spectral fingerprint of NAG, with much more defined and stronger resonances, the scattering due to the finite size of PE grains has the effect of upshifting the baseline of the measured spectrum. Moreover, the combined effect of scattering due to the finite-sized PE grains and the highly dispersive refractive index of NAG close to the resonances, known as Christiansen effect [21] , can distort the shapes of the resonances and produce small shifts in the measured peaks.
The spectrum of the sample in the whole range is shown in Figure 4 , where the attenuation coefficient measured with the THz-TDS spectrometer after removal of the etalon effects (as shown in Figure 2 ) has been converted to an effective absorbance as
where is the attenuation coefficient in cm −1 and is the thickness of the pellet in cm.
Semiempirical Quantum Chemistry
Results. The solidstate geometry of NAG was optimized using the PM6 Hamiltonian [18] taking the actual crystal geometry [4] as the initial condition. Accurate calculations using MOPAC with periodic boundary conditions require a computational domain at least capable of fitting a sphere with a diameter of 8Å. A minimal domain spanning 1 × 2 × 1 crystal unit cells was used by setting the keyword MERS = (1, 2, 1). The unit cell dimensions of the resulting optimized geometry = 11.400Å, = 4.616Å, and = 9.040Å were in relatively good agreement with the actual values = 11.25Å, = 4.82Å, and = 9.72Å. Nevertheless, the cell angles = 94.56 ∘ , = 114.09 ∘ , and = 85.51 ∘ showed a noticeable deviation from the monoclinic unit cell, even though was very close to the experimental value of 113.7 ∘ . The calculated vibrations for the crystal geometry optimized with the PM6 Hamiltonian did not include any imaginary frequency. PM7 [22] calculations provided a better fit with the actual crystal unit cell angles, but the method failed to converge to a true ground state geometry.
The PM6 geometry of one of the two molecules of the crystal unit cell is compared with the experimental structure in Figure 5 . The two molecules have been plotted using VMD [23] . A relative shift has been introduced to facilitate the visual comparison due to the highly overlapping geometries. Bond lengths are compared in Table 1 , and angles are compared in Table 2 . We have used the atom labels shown in Figure 6 . The use of two crystal cells for the calculation of the vibrations resulted in the inclusion of modes with wave vectors sampling different points of the first Brillouin zone of the crystal. Nevertheless, only ≅ 0 solutions are relevant for the optical spectrum [24] . The in-phase oscillating modes were selected from the global set of vibrations [24] by projecting the mass-scaled eigenvectors components of the two cells in the computation domain and selecting only those vibrations for which the scalar product was larger than 0.9. Table 3 , where the results are compared with those of the former study by Kovács et al. [15] . Due to the complexity of many of the vibration modes, a graphical description has been included in Figure 7 , where the mass-scaled eigenvectors are plotted for one of the molecules in the crystal cell. In our assignment, the calculated results are in good qualitative and semiquantitative agreement with the experiments. We find larger errors for modes with a strong latticetype vibration contribution, where the whole molecules experience large displacement. This is the case, for example, in the lowest band of the spectrum. This is typical of calculations using semiempirical and other quantum chemistry methods [24] . On the other hand, very good agreement is Table 3 : Frequency assignment and comparison with the theoretical and experimental results of [15] . The following abbreviations have been used in the description of the vibrations: s, strong; m, medium; w, weak; sh, shoulder; ], stretching; , in-plane bending; , deformation; , wagging; , twisting. found when the strongest contributions are due to localized intramolecular vibrations. This is the case, for instance, in the upper band between 350 cm −1 and 420 cm −1 . These results can be attributed to the highly accurate molecular geometry predicted with the PM6 Hamiltonian and, on the other hand, to the slightly distorted predicted crystal unit cell. The small distortion of the spectral response due to the Christiansen effect [21] could also contribute to the small discrepancies observed with the experimental measurements. There is also good agreement between the description of [15] and our results. One difference is the signature peak at 60 cm −1 , which we have relabeled as being of medium (instead of weak) intensity. In our measurements, we have not observed the shoulder at 242 cm −1 detected in [15] and the resonance at 251 cm −1 in [15] is resolved in our measurements into two components: one peak at 248 cm −1 and a shoulder at 252 cm −1 . The weak PE band at 230 cm −1 does not seem to affect these assignments. Moreover, there are two new weak peaks between 360 cm −1 and 410 cm −1 that had not been previously measured and assigned. The lowest lying weak resonance at 45 cm −1 had not been previously reported and we have not been able to assign it to any of the calculated modes.
Frequency Assignment. The frequency assignment from our experimental and theoretical analysis is shown in
In order to improve the theoretical description in the terahertz band, we performed a geometry optimization with the PM6 method keeping the crystal cell parameters constant.
In general, optimization with this type of constraint does not guarantee that the resulting geometry is a true ground state. Nevertheless, no imaginary frequencies were found for this geometry. Besides keeping the actual crystal parameters, the quality of the molecular geometry was comparable in terms of their respective UME for bonds and angles to that of the former optimization. The results, which are shown in brackets in Table 3 , permitted assigning the resonance at 45 cm −1 after some relaxation of the selection criterion for in-phase resonances and improving the accuracy in the assignment in the terahertz band, but a worsening was observed in the description for frequencies above 80 cm −1 .
Conclusions
A combination of THz-TDS and FTIR spectroscopies with theoretical studies based on semiempirical quantum chemistry methods has been used to study the far infrared spectrum of N-acetyl-D-glucosamine (NAG). The terahertz spectrum in the spectral range from 10 cm −1 to 80 cm −1 was characterized by a dominant peak at 60 cm −1 . On the other hand, the high-resolution ATR-FTIR spectrum from 80 cm −1 to 420 cm −1 permitted the identification of some additional bands in comparison to those reported in the literature. PM6 Hamiltonian semiempirical calculations, by making use of the recently developed parallel implementations for shared-memory multiprocessor and massively parallel GPU architectures, allowed studying the molecular vibrations at a reduced computation time (versus DFT or ab initio approaches), obtaining a good qualitative and semiquantitative agreement between the calculated results and the experiments. The largest errors were found for modes with a strong lattice-type vibration contribution, while very good agreement was found when the strongest contributions are due to localized intramolecular vibrations.
